The impact of recombination on variant classification and the use of different genomic regions to identify virus variants were investigated using a diversity study performed on grapevine rupestris stem pitting-associated virus (GRSPaV). Three surveys were conducted to investigate the genetic diversity of GRSPaV and to compare the ability of the GRSPaV coat protein and replicase domains to classify virus variants. GRSPaV variants identified in the surveys clustered into five of the six currently recognised lineages, and a seventh, previously unclassified lineage was detected. A correlation was observed between the detection of recombinant GRSPaV sequences and inconsistencies in classification when using different genome regions for analysis.
Grapevine rupestris stem pitting-associated virus (GRSPaV) is a ubiquitous grapevine virus that has been reported to be associated with rupestris stem pitting (RSP), grapevine vein necrosis (GVN) and Syrah decline [1] . Its only known means of transmission is through vegetative propagation or grafting [1] . Sequences of the replicase polyprotein and coat protein domains are used to detect and classify GRSPaV variants. Currently, six distinct molecular variant groups (I, IIa, IIb, IIc, III and IV) are recognised [2] , each represented by the complete genome sequence of one or more isolates, of which 18 are available in the GenBank database [2] . The symptoms caused by GRSPaV vary greatly among virus variants and depend largely on the cultivar infected. Infection of indicator 'St George' grapevines (V. rupestris Scheele) with variants belonging to group IIa does not elicit symptoms associated with RSP, but it is strongly associated with GVN, while variants of group IIc cause RSP. Furthermore, infection with group IIb causes mild or no symptoms, whereas group I is closely associated with Syrah decline [3] [4] [5] . Inconsistencies in symptom expression may be explained by simultaneous infection by multiple viruses or multiple sequence variants of GRSPaV [6] . In this study, the usefulness of using two genomic regions to investigate GRSPaV diversity by discerning between virus variants, is assessed. The influence of recombination on tree topologies is investigated, emphasizing the importance of accounting for both PCR-mediated and naturally occurring recombination in phylogenetic studies.
To investigate global GRSPaV diversity, a survey (NV) was carried out on a grapevine cultivar repository containing grapevines originating from various countries prior to phytosanitary regulation. As it was assumed that no transmission occurred within the repository, accessions represent the global distribution of the virus. Petiole material was collected individually from 2-5 individual plants in 59 bays spaced evenly throughout the vineyard and pooled for each respective accession prior to RNA extraction. Two additional surveys were conducted on collections of South African vineyards to investigate virus diversity on a local level. Cane material was collected from 176 individual plants distributed among mother blocks (MB) that previously conformed to South African certification requirements but are no longer used for vine propagation. In a final survey (OV), cane material was collected from 117 plants in South African vineyards that were established prior to the implementation of current sanitary protocols. All grapevines sampled 1 3
were from the species Vitis vinifera or interspecific crosses between Vitis vinifera and Vitis labrusca. Bays within the NV survey were selected for sampling based on the exhibition of typical symptoms of virus infection, whereas the presence of symptoms was not taken into consideration during the MB and OV surveys.
RNA was isolated using two cetyltrimethylammonium bromide methods [7, 8] and subjected to cDNA synthesis using Maxima Reverse Transcriptase and Thermo Scientific RiboLock RNase Inhibitor (Thermo Fisher Scientific) with random primers. Samples were screened for the presence of GRSPaV using KAPA Taq DNA Polymerase (Kapa Biosystems) with GRSPaV_DET primers (Table S1 ). A 928-bp region encompassing the coat protein gene (CPreg) and a 1668-bp region within the replicase gene (pREP) were amplified from positive samples using a KAPA HiFi PCR Kit (Kapa Biosystems) with the primer sets GRSPaV_ CPORF and GRSPaV_PT_REP (Table S1 ). PCR products were purified and cloned into pGEM-T Easy Vector (Promega). A minimum of three positive clones for each region were sequenced for each sample.
The 18 GRSPaV whole genome sequences available in the GenBank database were used as references for variant groups in phylogenetic analysis. Previous studies revealed that these reference sequences cluster into four phylogenetic groups (I-IV), with group II being further divided into subgroups IIa, IIb and IIc [2] . Sequence data from the survey samples for the CPreg and pREP regions were aligned in MAFFT V7 [9] . The two alignments comprised the assembled sequences of all clones for that region and the corresponding region of the 18 reference sequences. Recombination analysis of survey samples was conducted in RDP4 V8.20 [10] , recombinant sequences were removed, and phylogenetic analysis was performed using RAxML Black Box V9.2.10 [11] . Pairwise comparisons within and between taxon groups were performed using CLC Main Workbench V7.7.1 (CLC Bio-QIAGEN, Aarhus, Denmark).
Approximately 71.19%, 29.06% and 6.25% of samples from the NV, OV and MB surveys, respectively, tested positive for GRSPaV. In total, 264 CPreg (GenBank accession numbers MG050555-MG050461) and 258 pREP (GenBank accession numbers MG050437-MG050694) sequences were obtained. Clone names comprise four components: survey name, genomic region (CPreg or pREP), sample number and clone identity. Pairwise comparisons revealed 79.85%-100% nucleotide sequence identity and 90%-100% amino acid sequence identity between CPreg sequences. Sequence identity values for pREP ranged between 76.92% and 100% at the nucleotide level and between 90.63% and 100% at the amino acid level.
The results of recombination analysis of survey samples and the corresponding regions of reference sequences included in these alignments are presented in Fig. 1 . Parental lineages were inferred from the classification of the sequences identified by RDP4 as being representative of the minor and major parents of the recombinant. A recombination event detected in the pREP region of Tannat (KR528585.1) corresponds to previous results [2] and, as a recombinant, this sequence was not used as a reference in the pREP tree.
Phylogenetic trees were constructed from alignments containing survey and reference sequences of the two respective regions (Fig. 2) . Classification of reference sequences BS (AY881627.1) and SK30 (KX274277.1) was not consistent in the two phylogenetic networks and correlated with the detection of recombination events within the whole genome reference sequences [2] . All other reference sequences clustered in the same groups that were described previously and could therefore be used to identify lineage groups of isolates from this study. Between the two trees, all previously defined groups were distinguishable. Furthermore, a distinct subgroup of lineage II was observed that was not represented by any of the reference sequences, and it was labeled subgroup IId. The classification of variants based on either the CPreg or pREP clone sequences within the respective surveys, was compared (Fig. S1 ). Infections by more than one GRSPaV variant per plant were detected in all three surveys, but was most common in NV (Fig. S1 ). Pairwise comparisons indicated that the nucleotide sequence identity within currently recognised lineages falls between 87.5% and 100% for the CPreg region, and between 83.63% and 100% for the pREP region. Pairwise nucleotide sequence identity values within the new subgroup IId were 89.87%-100% and 90.53%-100% for the CPreg and pREP sequences, respectively. Furthermore, 79.85%-92.13% nucleotide sequence identity in the CPreg region, and 76.92%-89.57% in the pREP region was observed between previously classified lineages. The range of nucleotide sequence identity between subgroup IId and each of the previously classified lineages was 80.6%-92.67% for CPreg and 76.74%-90.05% for pREP.
The presence of GRSPaV in a large proportion of sampled accessions collected from various grape-cultivating countries confirms the wide geographical distribution of the virus [12] . Although both NV and OV vineyards were established prior to the implementation of current sanitary measures, the increased prevalence of GRSPaV in the NV survey compared to the OV survey could be due to the diverse origins of source material of the NV vineyard. Furthermore, plants from the NV survey are maintained within Fig. 1 Summary of recombination events detected in the CPreg and pREP regions of survey samples or reference sequences using RDP4 V8.20 [10] . Event numbers are given in brackets next to each schematic representation of a recombinant genome region. Breakpoint positions are indicated by arrows. Regions contributed by parental sequences are coloured accordingly. GenBank accession numbers of recombinant sequences are given in brackets ◂ the repository regardless of their sanitary status, whereas old vines had to remain economically viable, causing an indirect form of selection for healthy vines, which possibly contributed to a decrease of GRSPaV in OV vineyards. A low incidence of GRSPaV was observed in the MB survey. All but one positive sample originated from the same block, which could indicate failed elimination of the virus from source material. Pairwise comparisons confirm that the nucleotide sequence identity values of all sequences satisfy the demarcation criteria for members of the family Betaflexiviridae [13] .
Survey isolates segregated into all but one of the currently recognised lineages (Fig. 2) . The majority of isolates from the three surveys belonged to subgroups of lineage II, whereas no sequences clustered with group IV in either of the topologies generated for the two different fragments. The observed nucleotide sequence identity percentages within the novel, previously undetected subgroup IId fall in the same range as those of the other subgroups, supporting the classification of these sequences as a new subgroup. While the majority of sequences were distributed between currently recognised variant groups and the single new subgroup IId, three CPreg and three pREP sequences remained unclassified within their respective trees, although it was evident that they belonged to variant group II. These sequences could be undetected recombinants or belong to additional subgroups of this lineage that have not been reported. In most cases, although no proof exists that fragments from the same sample originated from the same virus isolate, the classification of a The most striking discrepancy between the two topologies generated in this study is the absence of subgroup IIc in the CPreg-based tree (Fig. 2a) . In the CPreg topology, SK30 and BS, the reference sequences of group IIc, clustered with those of group III. Recombination events detected in the whole genomes of both isolates occurred between the pREP and CPreg regions, separating them into two components [2] . Within the pREP region, these two sequences clustered within subgroup IIc. However, the CPreg region lies downstream of the breakpoint position and is therefore more similar to group III. Recombination signals indicate that the recombinants originated independently. Isolates from the same survey samples for which the pREP sequences belonged to group IIc clustered within group III based on the sequence of their coat protein.
Genetic diversity was lowest in the MB survey, further supporting the hypothesis that GRSPaV was unsuccessfully eliminated from a single source material. Isolates from all but one MB sample belonged to group IIa or IIb, which are known to elicit mild or no symptoms on indicator plants [3, 5] . This provides some explanation for the existence of these variants in plants presumed to be virus-free.
Intra-plant genetic variation based on CPreg and pREP sequences was also investigated. Mixed infections were found in all three surveys and occurred in approximately 26% of plants. The majority of mixed infections comprised no more than two variants, as triple-variant infections were only detected in 3.5% of the samples.
Recombination was detected in 1.9% of NV sequences and 0.5% of MB sequences. No recombination events were detected in samples originating from the old vines. The low incidence and absence of recombination in the MB and OV surveys could be explained by a higher degree of homogeneity of source material from these vineyards compared to those of the NV accessions, as recombination requires the presence of two or more virus variants within the same plant [14] . In most cases, isolates from both parental lineages were present within the same accession or plant, based on classification of non-recombinant clones within that sample. This may imply that the recombination event occurred within the sampled plant or within the source from which it originated. Combined with the singular occurrence of all but one particular recombination event, however, the presence of both parental lineages in the respective samples suggests that these recombination events were more likely to have been PCR-mediated [15] . Nevertheless, the purpose of detecting recombinant sequences in this study was simply to remove them and minimise the influence of recombination on phylogenetic tree topologies.
In this study, the broad genetic diversity of GRSPaV was confirmed. A noticeable difference in the distribution of virus variants was observed between previously certified and uncertified plants. Incomplete elimination of GRSPaV from plants conforming to sanitary requirements indicates the need for development of improved detection and disease control methods, as non-symptom-causing variants may still play a role in virus pathogenesis [16] . Sequence data generated in this study can assist in the advancement of such methods. A previously unclassified variant group of GRSPaV, IId, has been detected, and prospective studies may focus on generating a whole genome sequence of this new lineage. Finally, the study provides evidence of the effect of recombination on the classification of variants in tree topologies and underlines the importance of considering such factors when attempting to investigate virus diversity.
